INTRODUCTION
Pressure ulcer (PrU) management continues to be an important medical challenge facing today's healthcare community. Thirtythree percent of people with spinal cord injury (SCI) develop at least 1 PrU during their initial acute care hospitalization. 1 Pressure-concentrated areas, including the tissues of the ischium and sacrum-coccyx regions, are most at risk because of prolonged sitting or bed rest with improper pressure relief. 2 -9 Once formed, PrUs are often slow to heal and can lead to expensive corrective surgeries followed by prolonged rehabilitation and the propensity for recurrences. 1, 10 PrUs place a heavy burden on an individual's health, resources, quality of life, family, and community reintegration.
According to the National Spinal Cord Injury Statistical Report published in 2005, PrUs represent the most common medical complication (14.9% -26.7%) and the second most common (33.6%) reason for hospital readmission 1 year after the initial injury. 1 The financial cost of healing a PrU depends on its severity, and has been estimated in the range of $2000 to $70,000 per wound, 11 contributing to an annual cost within the United States of approximately $2.2 to $3.6 billion. 12 Recognizing this, the Joint Commission has recently named the prevention of pressure wounds as one of its long-term-care national patient safety goals, 13 and the National Health Prevention Program, Healthy People 2010, has proposed the prevention of PrUs among nursing home residents as a future objective. 12 Individuals with SCI are at the greatest risk for developing PrUs. 9 In this population, PrUs most commonly occur over the sacrum (33.2%) and the ischial tuberosities (12%), because of prolonged periods in the sitting position and decreased mobility. 1 SCI damages intrinsic physiological control mechanisms that result in a decreased vascular response to loading, reduced muscular tone, progressive muscle atrophy, and impaired sensory biofeedback systems. 5, 7, 9, 14 In 2002, Thorfinn et al 9 demonstrated that seating pressures and pressure distribution were significantly higher in individuals with SCI compared with controls.
Pressure reduction is a critical factor in the prevention and treatment of PrUs. Brem and Lyder 15 concluded that pressure relief and increasing blood flow are the 2 important factors to consider when selecting support surface for patients being treated for a PrU. Kosiak 16 demonstrated that if pressures of 70 mm Hg for 2 hours were alternated every 5 minutes, only minimal changes were produced. Pressure-relief techniques have been devised to promote prevention among SCI population. Unfortunately, these maneuvers require physical strength, endurance, 17 and self-discipline to be effective, and patients often are not medically stable enough to be an active participant. Extensive engineering has focused on the development of specialized pressure-reducing materials, such as foam and gel cushions. Despite these advances, few randomized controlled studies have evaluated the efficacy of one material over another. 18 A Cochrane review in 2004 compared the results of randomized controlled trials between different wheelchair cushions and concluded that there was inadequate evidence regarding wheelchair cushions in the prevention and treatment of PrUs. 19 Previous research conducted in the authors' laboratories have studied a cyclic pressure-relief protocol to evaluate its effect on providing periodical pressure relief 20 and tissue-perfusion recovery 21 for wheelchair users. The authors have found that, compared with a clinical pressure-relief protocol (arm push-up every 20 minutes), the cyclic pressure-relief protocol brought forth a significantly reduced interface pressure on the ischia, 20 promoted tissue perfusion in the occupant's buttock tissues, 21 and decreased skin temperature elevation. 22 These findings suggest that the cyclic pressure-relief protocol may also be beneficial in helping to heal existing PrUs. The objective of this study was to test, in a small sample of subjects, whether the cyclic pressure-relief protocol accelerated the healing process of PrUs in individuals with SCI. The null hypothesis was that the PrU healing in individuals with SCI with existing PrU wounds would not take less time when using a wheelchair cushion equipped with an individualized cyclic pressure-relief protocol, compared with that using a regular wheelchair cushion.
METHODS Participants
A total of 44 wheelchair users with SCI (paraplegia or tetraplegia) who had existing Stage II or III PrUs in the sacral and/or ischial area were recruited following the institutional review board -approved consenting process. Participants were inpatients or outpatients at the Rehabilitation Institute of Chicago, Illinois, or the Schwab Rehabilitation Hospital at Chicago. Once enrolled, participants were randomized to 2 groups, one using a wheelchair cushion equipped with the individualized cyclic pressure-relief protocol (treatment group) and the other using regular wheelchair cushions (control group). The demographic statistics of the participants are shown in Table 1 .
The patients who met the inclusion criteria were those who had Stage II or III PrUs in the sacral or ischial areas, who were able to independently use either a manual or a power wheelchair, and who had sitting tolerance for at least 4 hours per day. Individuals with degenerative disorders of the spine and with histories of injury or surgery of the pelvis, hip joint, and the thigh, or with hip contractures, were excluded. Also excluded were those with severe pain, spasm, and psychological concerns preventing proper cooperation.
Treatment for PrUs
All participants received PrU treatment by a physician or a trained nurse practitioner and were examined once per week. Treatment was specific for each individual wound, and a variety of wound care modalities was applied when appropriate.
Modalities included topical wound dressings, such as wound gel, hydrocolloid, alginate, foam, and moisture barrier. More advanced modalities included silver antimicrobial dressing and negative wound pressure therapy.
Wheelchair and Cyclic Pressure-Relief Seating System
Two different types of wheelchairs were used: regular wheelchairs and wheelchairs equipped with a cyclic pressure-relief seating system. The control group utilized regular wheelchairs, either manual or powered ranging from 16-to 20-inch width and 16-to 20-inch depth fit according to the patient's body size. The treatment group used 8 wheelchairs (6 manual and 2 powered wheelchairs) equipped with a cyclic pressure-relief seating system. The cyclic pressure-relief seating system consists of a split seat and a backrest with an enhanced lumbar support. 20, 21 The wheelchairs were configured with the backrest reclined 5 degrees from perpendicular and a split seat cushion oriented parallel to the floor. The split-seat cushion was designed with a movable portion located at the posterior one-third of the seat depth. This movable seat portion tilted downward away from the individual, reducing the contact between the user's buttocks and the seat. The seat height and depth were adjusted to accommodate the body build of the participants. The backrest incorporated an inflatable air pouch as an adjustable lumbar support that inflated simultaneously when the posterior portion of the split seat dropped. This seating system alternated the sitting configuration of the wheelchair between 2 sitting configurations, normal sitting, and the off-loading sitting in which the posterior seat portion was tilted down. During the trial, the cyclic pressure-relief protocol for the treatment group was maintained alternately as 10 minutes on normal sitting and 10 minutes on off-loading sitting. A customized system with a microprocessor (Basic Stamp; Parallax, Inc, Rocklin, California) was used to precisely regulate the tilting of the posterior seat section and the inflation/deflation of the lumbar air bladder via a motor and an air pump. To achieve the desired pressure relief in the off-loading sitting config-uration, the microprocessor controlled the tilting down of the posterior portion of the seat based on the preset thresholds of the contact pressure (15 mm Hg) and the feedback readings from the contact sensors on the seat interface. In this way, during the off-loading sitting configuration, the contact pressure between the participant's buttocks and the posterior portion of the seat was maintained at the level less than 15 mm Hg. The material for the seat cushion and the cushion cover was viscoelastic foam and Rubatex (Rubatex International, LLC, Bedford, Virginia), respectively, for all wheelchairs used in this study.
Sitting Intervention
All participants were instructed to maintain a minimum of 4 hours' sitting in their assigned wheelchairs daily. Participants in the control group were instructed to perform arm push-ups every 20 to 30 minutes for pressure relief. Participants in the treatment group were informed about the intended pressurerelief effect of the experimental seating device, and they were told to maintain their regular pressure-relief routine while they were not in the treatment wheelchair. While they were in the experimental wheelchair, they were allowed to make their own decision to either maintain doing manual pressure relief or rely entirely on the experimental seating device.
Wound Assessment
PrU progress was assessed and documented twice a week using the Pressure Ulcer Scale for Healing (PUSH) tool 23 and the VeV Measurement Documentation System (Verg, Inc, Winnipeg, Manitoba, Canada). 24 The PUSH tool characterized the pressure wound according to length, width, amount of exudates, and tissue type. The VeV Measurement Documentation System, utilizing digital photography and a target plate placed in the plane of the wound as a reference, calculated the wound size, hue, and viewing angle, in comparison with the target plate, thereby reducing the potential errors related to variations in camera distance and angle when photographing the wound. The reason to choose VeV software for wound area measurement was because it was proved to be superior to manual techniques to achieve valid measurement of the wound area. 24 In this study, digital images with the target plate were taken using a digital camera (Power Shot A85; Canon USA, Inc, Lake Success, New York) with a resolution of 4 megapixels. Then the wound area was determined using VeV software from these images.
Protocol
Inpatients and visiting outpatients with established PrUs who met the inclusion criteria were enrolled by participating physicians. After informed consent was obtained, the patient was randomized to either the treatment or control group. Once the randomization was determined, an introductory session was conducted, which included an interview for information and a fitting and training session to fit the dedicated wheelchair for the participant and to instruct the participant on how to use the wheelchair and how to report daily activities. During the interview, the participant was assessed for his/her overall state of health, the detail of the history of their SCI (level of injury, date of injury, cause of injury), the status of his/her existing wound (stage of wound, date of discovery), current treatments for the wound, seating needs (width/length of seat, power vs manual chair, footrest, armrest, and back lengths, etc), and an initial schedule for tracking the wound was also arranged. For each participant, a wheelchair, either power or manual as identified by the participant, was prepared and adjusted for optimum comfort and utility. Armrest height, wheel width, seat dip, and the footrest length and angle were adjusted for each participant during the one-to-one fitting session. For participants in the treatment group, the maximum dropping angle for the back part of the seat was adjusted to ensure that the subject got maximum possible pressure relief while maintaining sufficient support. At the same time, the lumbar support was positioned for optimal comfort. For both groups during the fitting and instruction session, the participants were encouraged to get accustomed to the wheelchair and to try a wide variety of their normal activities (transferring to and from the chair, passing through doorways, eating at tables, sitting for extended periods, etc) to ensure that the chair would be acceptable over the course of the study. Additional modifications could be made if necessary.
During this session, the participants were also informed that they should remain sitting in their designated wheelchair for at least 4 hours per day. They were also taught how to use an activity sheet to report their daily activities, especially the time when they were using the wheelchair. Once the introductory session ended, the formal day to start using the assigned wheelchair was scheduled as soon as possible. On the day the participant started to use the assigned wheelchair, he/she was considered formally enrolled in the study, and the data collection started as day 1.
To track wound healing, wound assessment was done twice a week, approximately 3 to 4 days apart. The participant was asked to lie on his/her side on a flat surface, and the wound area was exposed and cleansed. Several photographs were taken of the wound, together with a target plate (Figure 1) , to ensure clear and referenced images that would be processed later using the VeV MD software. At the same time, the PUSH tool was applied. Additional factors, such as odor, tissue hue, irritation around the wound, or patient illness, were noted if significant and tracked. The wound was then redressed. The trial lasted for 30 days.
Data Processing
Using the VeV MD software, the wound area was measured in millimeters squared, for each wound at each inspection time. The wound area measurement and the PUSH tool score were documented twice a week along the time for each wound. For each participant, a linear regression was applied to the wound area data to obtain an estimated closure rate, in millimeters squared per day, for the entire 30 days of the trial. To be able to make comparison across the participants, the wound measurement, that is, the PUSH score and the wound area, was normalized as a percentage of the day 1 value for each individual participant.
Statistical Analysis
For continuous data regarding demographics of the participants, that is, age, body mass index, and years since SCI, average values were obtained for each group. A 2-sample t test was performed for these data to detect significant differences between the groups. For categorical data regarding demographics, that is, sex and the neurological category of SCI based on the American Spinal Injury Association category, a chisquare test was performed to detect the significant group effect.
A chi-square test was used to check the group difference for the stage of PrUs at the time the participants entered the study. For the rest of the data regarding the PrU at the beginning and end of the trial, a 2-sample t test was performed to test group difference.
To assess the wound healing results for the 30-day trial, 3 outcomes were computed and tested. For both groups, a Kaplan-Meier analysis was used to obtain the median time and the cumulative probability to achieve a 30% reduction of the wound area. The log-rank (Mantel-Cox) chi-square was calculated to assess the group difference. In addition, the percentage reduction in wound area and the percentage improvement in PUSH score achieved at the end of the trial were also obtained with the values at the start of the trial for each participant. A 2-sample t test was used to assess the group difference for these 2 outcomes.
The statistical analysis was performed using SPSS (SPSS 15.0; SPSS, Inc, Chicago, Illinois). P < .05 was considered significant.
RESULTS

Participants
There was no significant difference for demographic data between the 2 groups of participants ( Table 1) . The time post-SCI and the time since the onset of the current PrU when entering the trial were not significantly different between the groups (Tables 1 and 2 ).
Typical Cases for Control and Treatment Groups
One typical result for wound healing from each group is shown in Figure 1 . The patient in the control group (Figure 1 upper row) initially had a Stage III sacral wound with a size of 2321 mm 2 , with 50% necrotic tissue and 50% red tissue. At day 16, the wound became unstageable, with approximately 60% blackish tissue and 40% unhealthy red tissue. At the end of the trial, the wound showed signs of healing, with 60% healthy red tissue with a reduced size of 2091 mm 2 . The patient in the treatment group (Figure 1, bottom row) also had a Stage III sacral wound with the day-1 size of 3145 mm 2 with 50% yellow necrotic tissue. At the edge of the wound opening, there was apparent undermining with possibly a connected smaller wound bed. At day 15, there was less necrotic tissue and a greater amount of red granulation tissue. By the end of the trial at day 30, there was almost no necrotic tissue, which was considered as a healthy healing wound. The size of the wound was reduced to 1973 mm 2 .
General Wound Description
The average wound description at the beginning and the end of the trial is summarized in Table 2 . Patients in both groups entered the study with similar size, stage distribution, and PUSH scores of the PrU wounds. The patients in the control group had a longer time on existing wounds when they entered the study; however, no statistical significance was found (P > .05). At the end of the study, most wounds were in a general healing process with respect to area closure and the PUSH score improvement. The wound areas that remained were not significantly different between the groups, but the treatment group achieved a significantly greater wound closure (785. 
Wound Closure Progress
The PrU wound closure progress assessed with 30% wound closure, percentage of wound area reduction, and the percentage of PUSH score improvement is summarized in Table 3 .
Of the 22 participants in the treatment group, 16 achieved 30% wound closure, whereas there were 8 participants in the control group who achieved 30% wound closure. The median time to achieve this healing goal was 25 days for the treatment group, whereas it was more than 30 days for the control group. The Mantel-Cox chi-square test showed that the treatment group has significantly greater probability to achieve 30% closure during the trial time of 30 days (P = .007). Figure 2 shows the cumulative probability curves to achieve 30% wound closure along the trial time for both groups. For the control group, the probability to achieve 30% wound closure at day 30 was 0.364, whereas the same probability measure for the treatment group was 0.727 (P = .007).
The average percentage wound area closure for the treatment group was significantly greater than that for the control group (45.0% [21.0%] vs 10.2% [34.9%], P < .001).
PUSH Score Improvement
As summarized in Table 3 , the percentage improvement in PUSH score was significantly greater for the treatment group than that for the control group (21.9% [24.6%] vs 5.8% [9.2%], P = .003).
DISCUSSION
The reported randomized trial assessed the wound healing progress for 2 groups of patients with existing PrU wounds to investigate the potential effect of an individualized cyclic pressure-relief protocol on wound healing. The wound closure Table 3 . Results were comparable to a study by Ferrell et al, 25 which reported wound closure of an average of 2.5 mm 2 daily for participants using regular foam mattresses in a randomized trial evaluating the effect of mattress selection on PrU wound healing.
WOUND HEALING OUTCOMES
Although both groups in the authors' study experienced general healing progress of their PrUs with standard wound care, participants using the wheelchair with an individualized cyclic pressure-relief protocol demonstrated significantly greater wound closure rate-more than 9 times higher than participants who were using regular wheelchairs. Based on the analysis of the current data, at day 30, patients on the individualized cyclical pressure-relief protocol had a significantly higher probability to achieve PrU wound healing to a certain degree, for example, 30% wound area closure.
Off-loading is a critical part of wound healing strategies. 15, 26 Brem and Lyder 15 concluded that pressure relief and increasing blood flow are the 2 most important factors to consider when selecting support surfaces for patients being treated for PrUs. Previous studies 20, 21 showed that the cyclic pressure-relief protocol successfully addressed both of these factors. The protocol substantially reduced the pressure load at the ischia and, at the same time, significantly promoted tissue perfusion in the sitting area. In comparison to that of a clinical pressure-relief routine of arm push-up, these effects were significantly greater for the cyclic pressure-relief protocol. In fact, pressure load and tissue blood perfusion are related to each other. It has long been accepted that the tissue blood flow is compromised when the externally applied sitting load exceeds a certain level and certain amount of time. 27 In the authors' previous study, tissue perfusion was found severely compromised as the sitting pressure increased and sustained. 21 When the pressure was released, tissue perfusion started to recover. However, it would take the loaded soft tissue in the sitting area about 3 minutes' unloading time to recover from the sitting load -induced hypoxemia. 21, 28 In this case, pressure relief should last at least 3 minutes to achieve a full recovery of blood supply for the loaded tissue. The cyclic pressure-relief protocol in the authors' study was designed to maintain a significantly longer period for tissue unloading in the sitting area, which permitted a sufficient amount of time for tissue perfusion recovery. Moreover, the cyclic pressure-relief protocol used in this study was an individualized version of the laboratory protocol used in our previous studies, by incorporating an intelligent control mechanism. Previous protocol ran a fixed 10-minute by 10-minute loading/unloading cycle for all users with a back portion unloading at a fixed angle of 20 degrees. Current individualized protocol used contact sensors on the back portion of the seat to provide feedback to the controller to adjust the tilting angle of the back portion of the seat. This helped to ensure that the contact pressure between the ischia and the seat remained below the threshold of 15 mm Hg during the off-loading stage. In this way, the individualized cyclic pressure relief provided a substantially greater amount of pressure relief for each individual user, which is essential to achieve a better recovery of tissue blood flow.
Although there have been several pressure-relief seats for PrU patients, there is a lack of controlled clinical studies on objectively evaluating the effectiveness of these devices on PrU wound healing. Controlled clinical trials have been conducted for evaluating other support surfaces, such as mattresses, to help in wound healing. 25, 29, 30 Findings showed that a dynamic alternating support surface halted the progression of established PrUs, 15 and the air mattress significantly accelerated the PrU wound closure. 25 Clearly, these bed surfaces were found helpful for PrU wound healing, but a seating support surface that can achieve sufficient pressure relief yet maintain mobility during PrU wound care is essential to the quality of life for individuals with an SCI. By using a cyclic pressure-relief seating device, persons with an SCI who have existing PrUs will be able to sit and continue to heal, and even heal faster, while avoiding prolonged bed rest. Many pharmacologic interventions, such as wound dressings, 31 growth factor synthesis, 32, 33 and human skin equivalents, 34 have been proposed for treatment of PrUs. None of them, however, have conclusively shown to be effective. 26 In addition, they can involve expensive and invasive surgical operation.
As a standard practice, bed rest is usually prescribed for the duration of treatment, which often lasts for months. Complications of prolonged bed rest, including cardiac deconditioning, loss of muscle mass, increased adiposity, loss of functional independence, and some other cognitive/psychosocial complications, frequently emerge. 35 Once a PrU is healed, the individual must spend additional time in rehabilitation to recover what was lost because of bed rest. Unfortunately, a high incidence of PrU recurrence exists, which may be related to the complications of prolonged bed rest. Developments in PrU management have concentrated on treatments and therapies, but little progress has been made in maintaining mobility for patients receiving PrU treatment. Therefore, an alternative strategy to allow a person with an existing PrU to heal without being confined to bed for months has the potential to significantly reduce the morbidity and cost associated with conservative PrU healing.
In the current study, the demographics were well matched between groups on age, sex, body mass index, the distribution of disabilities, and ASIA grades. The treatment group had a longer history of SCI, but the difference from the control group was not statistically significant. In addition, there were no significant differences between the 2 groups at the start of the trial on any of the PrU-related measurements, which provided the evaluation a fundamentally unbiased comparison.
There are limitations for this study. First, the trial was relatively short in duration; therefore, only 1 participant achieved a 100% healing. PrU wound treatment usually lasts for months to years. Brandeis et al 36 found that 20% of PrU wounds were not healed or improved after 1 year of treatment. Thus, it would be difficult for the authors' 30-day trial to witness complete closure of the wounds. Second, the sample size of this study was relatively small, so data should be interpreted with caution when extrapolating to a larger number of population. Third, although the authors did not notice any perceivable changes in the pressure-relief behavior for the participants along the trial, they were unable to quantify the difference on pressure-relief behavior between the groups. Moreover, the additional cost for using the individualized cyclic pressure relief was not investigated. Additional cost could be associated with using a seating device equipped with the individualized cyclic pressure-relief function. Yet, if it helps to heal the PrU faster, maintains the patient's mobility, and reduces the time to heal the existing PrU wound, the additional cost can be well justified.
CONCLUSIONS
The current study rejects the null hypothesis that the PrUs would not take less time to heal when using an individualized cyclic pressure-relief protocol, compared with using a regular wheelchair cushion. Findings in this study suggest that the individualized cyclic pressure relief may have substantial benefits in accelerating the healing process in wheelchair users with existing PrU wounds. The authors' findings show that relieving pressure in the area of a wound can greatly aid wound healing. 
